Amorphous polymers are known as thermal insulators, increasing their thermal conductivities have not been guided by fully understood physics. In this work, we use molecular dynamics simulations to study the thermal transport mechanism of solid polyelectrolytes, poly(acrylic acid) (PAA) and its ionized forms. The thermal conductivity of PAA increases monotonically with the ionization strength. Although stronger ionization induces larger Coulombic interactions, the Coulombic interaction does not directly contribute to the thermal conductivity enhancement.
INTRODUCTION
Amorphous polymers are known to have low thermal conductivity in the range of 0.1-0.5 W/m.K. 1 The search for thermally conductive polymers is of tremendous scientific interests and practical application significance. 2, 3 While there have been intensive efforts to improve polymer thermal conductivity through compositing with inorganic fillers, the overall thermal conductivity is still largely limited by the low thermal conductivity of polymer matrices. 4 It has been pointed out that a polymer matrix with a thermal conductivity >1 W/m.K will makes compositing more meaningful, e.g., compositing such a polymer with graphite can lead to a thermal conductivity >20 W/m.K, which is larger than stainless steel (~16 W/m.K).
1, 2, 5
Changing the global morphology of polymer from amorphous to crystalline has been proven effective in improving thermal conductivity by orders of magnitude from O(0.1) to O (10) W/m.K, 6 highlighting the importance of molecular chain conformation in thermal transport. [7] [8] [9] However, these materials have highly anisotropic thermal conductivity, limiting their applications as bulk materials. Recently, there have been a few studies reporting amorphous polymers with thermal conductivity greater than 1 W/m.K, [10] [11] [12] [13] and most of them attribute the high values to the microscopic chain conformation. It is found that when the polymer chains in the amorphous bulk phase has greater spatial extension, usually characterized by radius of gyration (R g ), the thermal transport along the covalent backbone becomes more effective, leading to higher thermal conductivity. 11, 14, 15 In 2017, a report shows that an electrostatically engineered polyelectrolyte, ionized poly(acrylic acid) (PAA) thin films, has increasing thermal conductivity as the strength of ionization increases and can reach a thermal conductivity up to ~1.2 W/m.K. 11 It was proposed that due to the Coulombic repulsion between neighboring monomers along the backbone, the polymer chains are stretched, which increases the chain extension and leads to higher thermal conductivity. 11 However, according to the counterion condensation theory, in dilute polyelectrolyte solutions the polymer chain will collapse when the electrostatic interaction is strong, and counterions will condense on the polymer chain. [16] [17] [18] [19] [20] [21] While condensed polyelectrolytes can be different from the dilute solutions, studies also show that the polymer R g decreases when either the polymer or the salt concentrations increase in the solution. [22] [23] [24] When the polyelectrolytes and counterion concentrations increase, the monomer-counterions attraction increases, which enhances counterion condensation and undermines the monomer-monomer electrostatic repulsion, leading to polymer chains collapse. [25] [26] [27] [28] [29] [30] Therefore, in bulk ionized PAA, where the counterion condensation effect will be strong, the polymer chains should contract, and thus the high thermal conductivity is unlikely from the polymer chain extension effect. 11 Xie et al. studied a series of bulk polyelectrolytes including PAA, and the largest thermal conductivity measured was ~0.67 W/m.K, 31 adding to the uncertainty related to the mechanism of thermal transport enhancement in polyelectrolytes.
Molecular dynamics (MD) simulations have greatly helped the understanding of the fundamentals of thermal transport in polymers. 7-9, 14, 32 The ability to quantitatively characterize the conformation of polymer chains in the amorphous phase has led to the observation of a positive relation between R g and thermal conductivity. 14, 15 The ability to decompose the total thermal conductivity into contributions from different interatomic interactions (e.g., bonding interaction, van der Waals (vdW) and Coulombic interactions) 14, 15, [33] [34] [35] reveals the critical role of thermal transport along the chain covalent backbone and elucidate the reason of the R g and thermal conductivity relationship. 14, 15 In this study, we use MD simulations to uncover the relationship between the ionization strength, the conformation of polyelectrolyte chains and their thermal conductivity. It is found that the thermal conductivity increases with the level of ionization, and so is the contribution of Coulombic interactions to the total energy of the amorphous PAA. However, the increase in thermal conductivity is not directly contributed by the stronger Coulombic interactions, but instead by the Lennard-Jones (LJ) interactions. It is found that the counterions condensed around the ionized polyelectrolyte functional groups lead to strong attraction between them, which makes the LJ interactions to be largely in the repulsive region. This leads to strong repulsive interatomic forces and thus more efficient thermal energy transfer through such forces. The Ewald summation method based on particle-particle particle-mesh (PPPM) algorithm is used to calculate the long-range Coulombic interactions with an error parameter of 0.0001. [37] [38] [39] The consistent valence force field (CVFF) is used, 40, 41 and the parameters are listed in Section 1 in Supporting Information (SI). Single chains of PAA and its corresponding ionized forms with sodium counterions (Na + ) PANa, are built in BIOVIA Materials Studio. 42 The single PAA or PANa chains with 50 monomers are firstly relaxed under the NPT ensemble (600 K, 1 atm) until the volume converges. Then the single chain is replicated to 100 chains with 45200 atoms to make a bulk polyelectrolyte. The bulk model is relaxed under NPT (1500 K, 1atm) and NVT (1500 K) until the chain conformation (R g ) converges. Then it is cooled to 300 K under NPT (300 K, 1 atm) and NVT (300 K) until the density converges. A final 0.5 ns NVT (300 K) relaxing is applied before the 2 ns NVE productive simulation. The detailed simulation procedure is written in SI Section 2.
MODELS AND METHODS
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The Non-Equilibrium Molecular Dynamics (NEMD) and Heat Flux Decomposition
Methods. Figure 1 shows the scheme of using the NEMD method to calculate the thermal conductivity of a polyelectrolyte model. Using the Langevin thermostat, 43 
where is the volume of the box, +,= is the velocity of atom along the x-axis, = is the kinetic energy of atom , =A is the pairwise interaction force between atoms and , = and A are the velocity vectors of atoms and , and +,=A is the distance along the x-axis. For simplicity, only two-body terms are shown in Eq. (3), but three-and four-body terms have been included in our decompositions. In LAMMPS the total heat flux is decomposed into energy convection, bonding interaction (bond, angle, torsion, improper torsion), long-range Coulombic interaction (KSpace) and pair interactions ( Fig. S2 in SI) . 35, 36 By modifying pair interaction code in LAMMPS, we can further separate the pair contribution into short-range Coulombic and LJ contributions ( 
RESULTS AND DISCUSSIONS
The Thermal Conductivity Comparison Between Our Model And Experimental
References. Figure 2 shows the model calculated thermal conductivity values of PAA at different ionization ratios. As the ionization strength increases from 0% to 100%, the thermal conductivity increases monotonically from ~0. 30 . We also examine the density of the PAA with different ionization strengths and find a monotonic increase as the ionization ratio increases (Fig. S4 in SI) . The densities are predicted to be 1.34 g/cm 3 for PAA and 1.76 g/cm 3 for PANa, respectively, which are similar to the experimental values of 1.22-1.41 g/cm 3 for PAA 11, 45, 46 and 1.70 g/cm 3 for PANa. 46 These indicate that our MD simulation predict both morphology and thermal conductivity reasonably. It is worth noting that although density increases, the R g of polymer chains are not decreasing as ionization increases. Actually, the density increase is mainly due to the addition of heavier Na + counterions instead of the shrinkage of polymer chains. 
The Molecular Conformation Has No Effect On Thermal Conductivity. It has been
previously revealed that polymer thermal conductivity can be closely related to its chain conformation. 3, 15, 47 In amorphous non-ionized polymers, the thermal conductivity increases when spatial extension of the polymer chains (R g ) increases. This is because thermal transport in amorphous polymer is dominated by the covalent bonds along the chain backbones and when such backbones are extended, thermal conductivity increases. 14, 15 In bulk condensed polyelectrolytes, where the counterion concentration is high and the interchain interaction is strong, the counterion condensation theory suggests that the polymer chain will collapse. [16] [17] [18] Thus, the observed thermal conductivity increase (in Fig. 2 ) as ionization increases is unlikely from the chain extension in the polyelectrolyte. Figure 3a shows the conformation of three chains respectively out of the relaxed amorphous PAA structures with ionization ratios of 0%, 50% and 100%. Visually, there is no significant difference in the spatial extension of these chains. We quantitatively characterize the polymer chains of PAA with different ionization ratios by calculating R g , but the chains are always collapsed (Fig. 3b) . This finding is inconsistent with the proposed mechanism to explain the enhanced thermal conductivity of PAA when ionization increases, 11 which hypothesized that the Coulombic repulsion of the ionized monomers straightens the chains and thus increases heat transfer along the chain backbone. 11 We believe that the increasing thermal conductivity of ionized PAA is not due to the polymer chain stretching. While we can not claim that our in silico chain conformation is the same as that in experiments, 11 by strengthen the PANa backbone we can increase the R g from 12.3 to 16.1 Å in the model, but the thermal conductivity merely increases from ~ 0.67 to ~ 0.70 W/m.K. 
The Effect Of Additional Cations On Thermal Conductivity.
We also characterize the morphology by calculating the radial distribution function (RDF) involving all atoms except those separated by less than three covalent bonds. The RDF shows two distinct characters when the ionization ratio increases (Fig. 3c ). Firstly, a shoulder peak at ~1.9 Å decreases, which is related to the decreasing number of hydrogen bond formed between the -COOH groups 48 due to the deprotonation process. Secondly, a sharp peak at ~2.5 Å increases, which is due to more Na + are condensed to the deprotonated -COO -group. Additional RDF plots (Fig. S5 in SI) involving only the O, H atoms on -COOH, and the Na + atoms confirm these observations. Another important observation from Fig. 3c is that except the two peaks related to hydrogen bonds and Na + counterions, the rest of the profile stay unchanged, which is consistent to the almost unchanged R g of the polymer chains shown in Fig. 3b .
From the above analyses, it can be implied that the increasing thermal conductivity is related to the addition of the Na + counterions, which can contribute to stronger Coulombic interactions.
Indeed, the amplitude of potential energies due to Coulombic interaction monotonically increase as the ionization increases (Fig. 4a) . The negative sign of the Coulombic potential is due to the interaction between the ionized -COO -group and the counterion Na + . Meanwhile, the LJ potential energy, which is much smaller in amplitude than the Coulombic potential, increases up to a positive value, indicating that the interatomic distances are shifting to the repulsive regime. The right inserted scheme is the Coulombic and LJ forces (derivatives of the potential curves), which shows LJ repulsive forces can dominate the forces in short interatomic distance ranges.
The Thermal Conductivity Decomposition.
We further decompose the total thermal conductivity into contributions from bonding, Coulombic and LJ interactions as shown in Fig. 4b .
Surprisingly, the increase in thermal conductivity is not mainly due to the increase in the Coulombic contribution but instead from the LJ part. Moreover, the LJ-repulsive contribution is dominant over the LJ-attractive contribution. Figure 4a shows that the Coulombic potential significantly increases with the ionization ratio, and thus it is counter-intuitive that the Coulombic contribution to thermal conductivity only increase slightly. The bonding contribution also increases slightly, which is related to the fact that C-C bond length in PANa is slightly compressed compared to that of PAA (Fig. S6 ).
Since Na+ atoms replaced the light hydrogen atoms in the -COOH group after ionization, the atomic velocity should have decreased. As a result, to increase heat flux, the interatomic forces Therefore, ionization leads to stronger LJ forces between the ionized groups and the counterions.
On the other hand, while there are stronger Coulombic forces emerging as ionization increases (Fig. S7) , both the amplitude of the forces and population increases are less significant than their LJ counterparts. As previously noted in Fig. 4a , the LJ interaction involving Na+ atoms should be largely in the repulsive region, which scales with ',N , while that of the Coulombic interaction only scales with '-(see schematic in the insets of Fig. 4c ). It is thus understandable that LJ provide stronger forces for the same atomic pairs. We further decompose the LJ contribution to thermal conductivity into the inter-nuclei repulsive (4 (   J   K   ) ,-) and vdW attractive
It is confirmed that the repulsive portion is dominant in the overall LJ contribution to thermal conductivity (Fig. 4c) . (Fig. 6a) . By decomposing the thermal conductivity, we find that the thermal conductivity increase from the LJ contribution is more than the Coulombic and Bonding contributions (Fig. 6a) . Figure 6b shows that when the partial charge scales up, both the Na + peak at ~2.5 Å and the shoulder peak at ~4 Å related to the bulk density are left shifted. Due to the stronger Coulombic interactions, the LJ forces largely shift to the repulsive regime and the magnitude of the LJ force increases (Fig. S10 in SI) , and thus the heat transfer through LJ interaction is enhanced. It turns out that the strong LJ repulsive interaction is triggered by the Coulombic interaction enhancement and contributes the most in thermal transport. contrast to that of the micro-films (~0.62 W/m.K). 11 The thermal conductivity of polymer thin films can indeed be thickness-dependent, which may be related to their density. 49, 50 For example, when the poly(methyl methacrylate) (PMMA) film thickness decreases, its density decreases 50 and so does its thermal conductivity. 49 Some polymer, however, shows an increase in density when the thin film thickness decreases, such as polystyrene. 50 We simulate the density effect by compressing the simulation cell in MD with high pressure up to ~11.2 GPa (See Section 7 in SI).
We find that the thermal conductivity of the 100% ionized PANa increases from 0.65 to 1.09 W/m.K after the pressure of ~11.2 GPa is applied (Fig. 7a) . This is similar to an experimental result for amorphous PMMA, which shows that the thermal conductivity increases from 0.2 to 0.5 W/m.K when a pressure 12 GPa is applied. 51, 52 By decomposing the thermal conductivity, we find that the LJ interaction still contributes dominantly to the thermal conductivity increase (Fig. 7a) . The RDF plot of PANa under different pressure shows that when the pressure increases, the Na + peak at ~2.5 Å increases and the peak at ~4 Å is left shifted, which corresponds to the LJ interaction increasing (Fig. 7b) . Although the high pressure increases the density from ~1.8 to ~2.2 g/cm 3 ( Fig. S11) , we believe this is not the dominant effect, when we compare the normalized thermal conductivity increasing and density increasing (Fig. S12) . By pressurizing the polymer, LJ interaction shifts to the repulsive regime and the stronger LJ forces are more populated (Fig. S13) , the speed of sound is also enhanced (Table S1 ). As a result, there is indeed a possibility to achieve higher thermal conductivity in thinner films if the density can be increased significantly. 
CONCLUSIONS
In summary, we use MD simulations to show that the thermal conductivity of bulk amorphous PAA increases monotonically when the ionization strength increases. We find that counterions, which condense around the ionized PAA side groups, interact strongly with the ionized -COO -group via Coulombic interaction. As a result, the polymer chain stays collapsed and the thermal transport through bonding interaction does not increase. While the Coulombic interaction drags atoms closer, which induces strong repulsive LJ forces between the ions and the ionized groups.
It is such repulsive LJ forces that contribute significantly to the increase in thermal conductivity.
Using the heat flux decomposition method, we find that the thermal conductivity increasing by ionization is dominated by the LJ interaction and specifically the LJ-repulsive interaction. The
Coulombic interaction does not contribute to the thermal transport directly, but it enhances thermal transport through the LJ interaction. By scaling up the partial charge in PANa, the thermal conductivity from bonding, Coulombic and LJ contributions all increases, but the LJ contribution is dominant. We also find that the thermal transport through LJ interaction can further be triggered by high pressures and the thermal conductivity of PANa at 11.2 GPa reaches 1.09 W/m.K. Reducing the inter-atomic distance helps the LJ force shifts to the strong repulsive regime and increase the LJ force magnitude, which in turn increases thermal conductivity.
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